Because of their particular electric surface properties and crystal structure, most clay minerals possess a very high ion exchange capacity. Furthermore, the surface charge distribution is anisotropic: while faces of the laminar clay particles have a negative, pHindependent charge, edges may be positive or negative, depending on pH. In this work, we propose to contribute new data on particle-particle interaction and charge distribution, by means of measurements of the low-frequency dielectric dispersion (LFDD) of the clay suspensions. Because of the nonspherical shape of clay particles, there are no theoretical models capable of explaining the experimental relaxation spectra. Hence, we limit ourselves to obtaining indirect information by comparing LFDD spectra in different experimental conditions. The quantities of interest in LFDD are the value of the low-frequency dielectric constant, ε r (0), and the characteristic or relaxation frequency, ω cr . These two parameters were measured varying the weight fraction, φ, of clay (0.5, 1, and 1.5% w/v) and the pH of the dispersion medium (5, 7, and 9), while maintaining the ionic strength constant ([NaCl] = 10 −4 M). It was found that the characteristic relaxation frequency of the dielectric constant was pH-dependent, with a significant minimum at pH 7 in all cases. The results are interpreted as the superposition of two independent relaxation phenomena, associated with edges and faces. With respect to the weight fraction influence, we have found a linear behavior of ε r (0) with φ at pH 9, indicating the existence of no significant interaction between particles. However, at pH 7 a slight deviation of linearity is observed, and at pH 5 we observe a clearly nonlinear behavior, indicating a stronger degree of interaction between particles. This is in good agreement with the initial assumption that at acid pH values, the electric surface charge of faces is negative, whereas the edges possess a positive charge, thus favoring attractive face-to-edge interaction. C 2000 Academic Press
INTRODUCTION
This paper extends the study described in the accompanying paper (1) , on the rheological properties of sodium mont-morillonite (NaMt) suspensions, to include the low-frequency dielectric dispersion (LFDD) of those systems. Dielectric spectroscopy is in fact an electrokinetic technique widely used to study the electrical surface properties of colloidal particles in suspension, mainly if they are spherical and with narrow size distributions (2) (3) (4) (5) (6) (7) (8) , since in this case there exist well-established theoretical models (2, 4, (9) (10) (11) (12) (13) (14) (15) . The range of applicability of LFDD measurements will be largely extended if the methodology (and also the theory) can deal with systems that are not so ideal. This includes polydisperse systems (8) and, particularly, nonspherical particles. In the latter case, theoretical models are far more complicated than those developed for spheres, but some significant contributions can be mentioned, mainly those by Dukhin and Shilov (9) for cylinders and Grosse and Shilov (16, 17) for prolate and oblate spheroids. However, no such treatment has been reported for the prediction of the dielectric dispersion in suspensions of particles with the characteristics and geometry of clays, despite the importance of clay suspensions in very different fields, both fundamental and technological.
Because of the difficulties involved in the interpretation of results, few papers have dealt with dielectric spectroscopy in clay suspensions, although significant contributions must be mentioned: thus the studies of Lockhart (18, 19) in swelling and nonswelling clays, O'Brien and Rowlands (20) (21) (22) with kaolinite and sodium bentonite particles in the megahertz range, and Raythatha and Sen (23) and Ishida and Makino (24) , also at high frequencies.
The aim of this work is to contribute new data on LFDD in NaMt suspensions, in the 0.5 kHz to 1 MHz frequency range, with special emphasis on the role that pH and weight fraction play in the stability and the interaction between suspended particles. Interpretation of results on both the dielectric increment and the critical frequency will show that these quantities are intimately related to the different behaviors of charges on faces and edges when the pH is varied and that they are in qualitative agreement with rheology and electrokinetic data reported in Ref.
(1) for the same systems.
EXPERIMENTAL
The clay sample was from Almería, Spain, kindly provided by Dr. E. Caballero (CSIC, Granada, Spain). Its structural formula was (Si 7.639 , Al 3.139 , Fe 0.257 , Mg 1.160 , X 0.663 ; X = exchangeable cations). Before use, the clay was converted to the sodium form (X = Na + ) by keeping the solids in contact with a 1 M NaCl solution for 1 h (25). The colloid fraction was separated by sedimentation after thorough cleaning by centrifugation/redispersion in Milli-Q water (Milli-Q Academic, Millipore, France). The appropriate quantities of clean Na montmorillonite were used to prepare dispersions with an ionic strength of 10 −4 M NaCl and weight fractions φ of 0.5, 1, and 1.5% w/v. pH was varied by adding HCl or NaOH if needed.
The dielectric constant of the suspensions was determined by measuring the complex impedance of a two-electrode conductivity cell with variable interelectrode distance (26), similar to that described by Springer (27) , as a function of both the distance and the frequency of the applied field. The cell was made in Pyrex glass and was cylindrical in shape, with a radius of 2 cm; platinized platinum electrodes were used, and experiments were conducted for seven distances ranging between 1.5 and 4.5 mm. Measurements were performed with a HP-4284A impedance meter (USA) in the frequency range 500 Hz-1 MHz. The method of Grosse and Tirado (2, 26, 28) was used to correct for electrode polarization and other stray impedances. This method consists of separating the parasitic elements from the suspension contribution itself by considering the cell-impedance meter as an electric quadrupole whose parameters are determined through three calibration measurements: short circuit, open circuit, and reference solution, as devices under test, for each frequency and electrode separation. The reference electrolyte solution must have known dielectric properties, and its conductivity must be similar to that of the suspension under study, since the precision of the method increases in this case. Figure 1 shows the real part of the dielectric constant, ε r , of Na montmorillonite, with a weight fraction of clay 0.5% w/v and three different pH values (5, 7, and 9), as a function of frequency and maintaining constant the ionic strength at 0.1 mM NaCl. We can see that the dielectric relaxation observed in all the cases is similar to results found in suspensions of spherical particles (2-8); i.e., the phenomenon of LFDD is clearly demonstrated. This LFDD is characterized by dielectric increment at zero frequency, defined as δε r (0) = ε r (0) − ε r (∞), [1] where ε r (0) (ε r (∞)) is the low (high) frequency dielectric constant of the suspension, and also by its relaxation or critical frequency, ω cr . Figure 1 shows that its value is typically around 10 4 rad /s. The same behavior was observed for suspensions with weight fractions of 1 and 1.5% w/v, not shown in the figure, and for other ionic strengths (29) .
RESULTS AND DISCUSSION
At first sight, observing the experimental spectra, it appears that a different frequency dependence is characteristic of pH 7, as compared to the other two pH values: the dielectric constant shows a smaller relaxation frequency. In fact, the low-frequency plateau is suggested by data at pH 5 and 9, unlike those at pH 7. This behavior cannot be attributed to changes in the electrode polarization impedance due to varying the pH (supposing that we have not been able to completely eliminate its contribution to the total measured impedance), since pH has hardly any influence on the real part of the conductivity of the suspension, which in turn determines the magnitude of the polarization. To confirm this different behavior at pH 7, and to obtain the characteristic parameters of the relaxation, our first attempt was to fit the experimental data to the Shilov-Dukhin relaxation formula (9)
where τ is the characteristic or relaxation time and ε r (∞) is the high frequency (ωτ 1) value of the dielectric constant. However, probably because of the nonsphericity of the particles, the fitting quality was very poor. It appeared necessary to use a relaxation function for which the shape could be changed: one of the possibilities was the Cole-Cole function (30)
where α allows the width of the overall relaxation to be changed. 
A Cole-Cole relaxation function was thus fitted to the data in each case (that is, for each pH and weight fraction). Note that τ will be used in this work as an approximate measure of the characteristic time needed to produce the relaxation process occurring in the electric double layer, and we will calculate ω cr as 1/τ . Table 1 contains the fitted values of ε r (0), ε r (∞), τ , and α for all the systems. Let us point out that the fitting procedure was applied solely to the real part of the dielectric constant: since the imaginary part, ε r (ω), contains the contribution of the electrical conductivity of the system, a larger effect of even small temperature variations on ε r was expected as compared to ε r . The fitting was found to be more reliable when applied to the real part. Figure 2 shows the behavior of δε r (0) (estimated using Eq.
[1] and the ε r (0), ε r (∞) fitted data of Table 1 ) as a function of φ, for each pH studied. It is immediately clear that the change with pH of the low-frequency dielectric increment (for any given φ) cannot be explained solely on the grounds of zeta potential vari-
FIG. 2.
Experimental values of the dielectric increment as a function of the weight fraction, for different pH values.
ations with pH described in the accompanying paper (1). There it was found that ζ increases to a small extent with pH, so that, according to the classical LFDD theory, δε r (0) should increase slightly between pH 5 and 9 at constant ionic strength. Our results in Fig. 2 show exactly the opposite trend, so that other arguments beyond double layer structure must be used to explain the LFDD behavior of NaMt with pH. In the case of dilute suspensions, when interactions between the dispersed particles are negligible, the relaxation processes that each particle suffers are independent of those of its neighbors. In these conditions, a linear relationship between δε r (0) and φ must exist, as has been previously shown for other colloidal suspensions of spherical particles (31, 32) . In our case, we have found this linear relationship at pH 9, so we can conclude that at this pH, and for the studied particle concentrations, interactions are nonsignificant. However, a nonlinear behavior appears at pH 7, and it is still more pronounced at pH 5, which suggests that at this pH a strong interaction is present between neighboring particles. This type of dependence of LFDD with pH can be explained using the same arguments as in Part I of this series (1): zeta potential of the faces is negative and independent of the pH, while that of the edges is positive at acid pHs and negative in basic solution, showing an isoelectric point (IEP) around pH 7 (25) . Thus at pH 9 electrostatic repulsion will occur between either faces (F-F), edges (E-E), or edges and faces (E-F): the formation of gel structures is very unlikely and particles will instead tend to remain as individual units in suspension. At pH 7, the electric surface charge of edges will presumably be zero, and attractive (van der Waals) interactions between edges and faces would explain the slight nonlinearity found in Fig.2 . Finally, faces and edges bear electric charge of opposite signs at pH 5; therefore, a large probability would exist for structures to be formed by attractive electrostatic E-F interactions.
These structural characteristics of NaMt suspensions are coherent with the trends of variation of ω cr with φ and pH shown in Fig. 3 and Table 1 (see also Ref. 29) . Thus, at pH 5, an increase in φ brings about a decrease in ω cr . If we keep in mind the relationship existing between the relaxation frequency and the size of the suspended particles (10),
where D is the diffusion coefficient of counterions and a is the characteristic parameter representing the particle size (in the case of spheres, it will be the radius), a decrease in ω cr can be ascribed to a rise in the average or effective size of suspended particles (for the same counterion). This explains the fall of ω cr with volume fraction observed at pH 5: from the point of view of LFDD results, the structuring of the system will manifest in larger apparent particle size and lower critical frequencies. Something similar is observed at pH 7, although we need to reach 1.5% w/v in φ to observe the reduction in ω cr . However, an approximately constant (volume fraction-independent) relaxation frequency is observed at pH 9: aggregation is unlikely in these conditions. On the other hand, at constant φ, we find a minimum in ω cr for pH 7. To explain this peculiar behavior of the relaxation frequency with pH, we can use again the structural properties of NaMt. At pH 7, because edges do not bear a net electric charge, only the faces (with their corresponding ionic atmosphere) will contribute to the diffusion processes provoking the dielectric relaxation. Knowing the relaxation frequency measured at this pH, we can estimate the characteristic average size of the faces. However, at acid and basic pHs, edges are charged and will be surrounded by a diffuse ionic atmosphere, so they will also contribute to LFDD. Since the size associated with edges is smaller than that corresponding with faces, it is feasible that the relaxation frequency for the former is larger. It can be said that at pH 5 and pH 9 the observed frequency must be some sort of average value between the contributions of both types of surfaces. On the contrary, at neutral pH only the double layers of faces exist. We can obtain more information if we fit experimental data using a combination of two Cole-Cole relaxation functions (29) ,
1 + (iωτ e ) 1−α , [5] where τ f and τ e are the relaxation times corresponding to faces and edges, respectively, and their contributions to the total dielectric increment can be evaluated by δε
and δε
f . This approach can be justified by the assumption that faces and edges contribute in an independent manner, associated with their different sizes and surface charges, to the overall dielectric constant. The fitting parameters and their uncertainties are detailed in Table 2 . As observed, the α parameter (indicative of the width of the relaxation curve) is larger (compare Tables 1 and 2 ) when all the dielectric relaxation data are discussed by one relaxation process, suggesting a better description of the LFDD curves when responsible mechanisms are properly identified. experimental data, for the case φ = 0.5% w/v, fitted with Eq. [5] (pH 5 and 9), while pH 7 data have been fitted using just one relaxation time. Figure 5 shows the same three curves (pH 5, 7, and 9) together with the separated contributions corresponding to faces and edges for pH 5 and 9. Relaxation associated with edges is characterized by a critical frequency higher (around 10 5 rad /s) than that corresponding to faces (around 3000 rad /s). The contributions of edges are rather different at pH 5 and pH 9, this suggesting that the effect of the above-mentioned edge-toface aggregation between particles (leading to a larger overall particle size at pH 5) cannot be fully separated into individual effects of edges and faces. Note also (Table 2 and Fig. 5 ) that at low concentrations of solids, when particle-particle interactions are less significant, the contributions of faces are similar at pH 5 and pH 9. This similarity is not found for φ = 1.5%, because of the edge-to-face mechanism of aggregation: in these conditions, δε r (0) is considerably larger at pH 5 than at pH 9 ( Table 2) .
CONCLUSIONS
We have used experimental data on dielectric dispersion to analyze NaMt suspensions, in relation to the interaction between particles and the dynamics of their electric double layers. The analysis of the dielectric increment, δε r (0), shows that the systems are significantly structured at acid pH, whereas the linearity of δε r (0) vs φ at basic pH suggests that the suspension is stable. On the other hand, the frequency dispersion of ε r in both acid and basic conditions can be simulated with two relaxations, one associated with faces and another with edges. Instead, at pH 7 just one relaxation seems to exist, associated with faces. These results, obtained using electrokinetic methods (LFDD), are compared to those found using rheological techniques (1).
We hope to have shown that, unlike data obtained using a single technique, a combined LFDD-rheological analysis can provide useful information on the structure of such complex systems as NaMt suspensions.
